Infrared semi-transparent materials, like zirconia thermal barrier coatings on steel, CFRP, wood and human skin were investigated by flash excited pulsed and laser excited lock-in thermography. The experiments are performed using an infrared dual-band camera working simultaneously in the 4.4-5.2 µm and in the 7.8-8.8 µm bands. Spectral band dependent cooling slopes and phase shifts are observed. For the pulsed domain, a theoretical model was set up to describe the thermal radiation decay curves of infrared transparent coatings on opaque substrates. The results are in good agreement with the experiment. Experiments show that, like in transient infrared emission spectroscopy, spectral features of the material surface regions are pronounced shortly after excitation.
Introduction
When analysing signals in active thermography, often a pure surface emission of thermal radiation is assumed. On the other hand, many materials like ceramics, polymers, glasses and human skin exhibit a relatively high infrared (IR) transparency, which is usually dependent on the wavelength. The effect of IR transparency has been studied already in early work on photothermal radiometry [1, 2] , and was seriously considered mainly in the biomedical field in the time domain [3, 4] and in studies of paint films on metal [5] and silicon carbide on silicon [6] in the frequency domain. Infrared single band point detectors were employed in this work. Previous work on transient emission spectroscopy [7] suggests that useful information may be obtained by performing active thermography in multiple spectral bands. Up to now, IR cameras with changeable narrow band filters or several cameras had to be used for this purpose [8] . Operating with spectral filters is tedious, as signalto-noise is reduced and problems are occurring due to slight mismatch of the spectral images when filters are changed and due to background drifts of the radiation of the warm filters. We report on first work using a dual-band IR camera for simultaneous recording of the transient thermal response in two spectral bands.
Experimental
For the experiments, a dual-band QWIP 384 IR camera from Thermosensorik GmbH (Erlangen, Germany) was employed. The camera is working simultaneously in the mid-wave infrared (MWIR) around 4.8 µm and in the long-wave infrared (LWIR) around 8 µm. In both bands, the NETD is 25 mK. The camera was temperature calibrated for both spectral channels using a black-body radiator.
For excitation, a flash light lamp with 3.2 kJ power was used for the pulsed experiments. Lock-in experiments were performed using an intensity modulated diode laser emitting at 980 nm. The laser beam was widened in order to realize onedimensional heat diffusion. A laser power of about 25 W over an area of 4 cm diameter was used.
Zirconia thermal barrier coatings
A first set of samples were yttrium oxide stabilized zirconia thermal barrier coatings (TBC) on steel. The TBCs are known to be partly transparent in the visible and also in the MWIR, but they are relatively opaque in the LWIR, which suggests to perform thickness measurements in the LWIR [9, 10] .
A test sample with four coating steps of 400 to 600 µm thickness was available deposited on a steel substrate of 8.9 mm thickness (figure 1). The coating thickness was verified by different techniques. Figure 2 shows IR reflection spectra of the coatings measured using an Exoscan FTIR spectrometer (A2Technologies) with a 45° external reflection probe. The reflection signal is determined by absorption, optical scattering and surface roughness. The difference in the reflection coefficient between the two spectral bands of the IR camera is clearly visible. For this material, absorption and reflection behave roughly inversely [10] , therefore the IR absorption coefficient is higher in the LWIR than in the MWIR. The coating thickness differences are hardly accessible to the IR reflection measurement. 
Flash light excitation
Image sequences obtained simultaneously in the MWIR and LWIR were recorded and evaluated. In order to visualize the spectral information comprehensively, an image fusion procedure was applied to the corresponding frames of the sequences. The algorithm works on the apparent temperatures according to the calibration curves in the spectral bands. Equal apparent temperatures in MWIR and LWIR result in grey color (from black to white with increasing temperature), higher temperature in the MWIR shifts the hue to blue and higher temperature in the LWIR shifts the hue to red. Figure 3 shows a selection of fused images after excitation. At short time after excitation (13.6 ms), a thickness contrast is observed which is mainly based on IR optical contrast. This contrast vanishes rapidly, before the classical coating thickness contrast appears which is mainly due to thermal diffusion and thermal pulse reflection (at 300 ms and later). The general reddish color in the images reveals the higher absorption (and emission) of the coatings in the LWIR. The coating thickness of the steps is indicated right
Modelling
An analytical one-dimensional model was set up to simulate the thermal and radiation decay curves of TBCs on steel after delta pulse excitation, considering a coating on an opaque substrate, which is partially transparent in the visible and in the thermal IR (figure 4). 
. Sketch of the theoretical model considering pulsed optical excitation and thermal emission from the coating volume and from the substrate as used for the calculation of thermal radiation decay curves of TBC coated steel
The excitation light is absorbed in the coating volume and partly reflected back to the surface with a reflection factor r vis . On the way back, is will be further absorbed. An exponential absorption law is generally assumed. The part (1-r vis ) is absorbed at the substrate surface. The thermal pulse back-side reflection at the outer surface of the substrate is considered. This results in a temperature distribution in the sample, which is used to calculate two contributions to the total radiation leaving the sample surface: 1) Thermal emission from each point in the coating volume with an emission and absorption coefficient µ IR , which travels in two directions and is reflected at the substrate with a reflection factor r IR . 2) Thermal emission 
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from the inner substrate surface with emissivity εIR, which reaches the surface after being attenuated with the coefficient µIR on the way through the coating.
The analysis starts with the temperature response at the location z caused by an instantaneous plane source with strength q located at a position z' in the coating. For a moment, the substrate is considered to be infinitely thick. By using the method of image charges and assuming adiabatic outer surfaces, the temperature response
where λ is the thermal conductivity, ρ the density, c the specific heat capacity, α the thermal diffusivity and d the thickness of the coating. Rth is the thermal reflection coefficient between coating and substrate. The thermal transit time through the coating is assumed to be much smaller than the thermal transit time through the substrate. Then, the temperature response of the sample with finite substrate thickness can be approximated by:
where D is the thickness and α s is the thermal diffusivity of the substrate. Two integrations are performed in the following to obtain the resulting radiation (Equation (3)). A first integration over z' considers the distributed heat sources inside the coating caused by the absorbed excitation light traveling forward and backward. A second integration covers the thermal radiation from the coating volume with an infrared absorption and emission coefficient µIR. There is a sub-contribution from the temperature generated by light absorption in the coating and a sub-contribution from the thermal effect of the light absorbed at the substrate surface at z=d. A third contribution to the total radiation is the surface emission of the substrate with emissivity εIR, which is attenuated on the way to the surface. 
Further reflections of optical and thermal radiation and IR optical transmission losses through the interface at the coating surface are ignored.
Although optical material parameters of TBCs are difficult to obtain, estimated values could be taken from work on similar TBC systems [9, 10] . Calculations were performed based on the parameters shown in table 1. 
. Experimental (dotted lines) and theoretical (solid lines) thermal decay curves of ceramic coatings on steel after flash pulse excitation. Top group: LWIR, bottom group: MWIR. Coating thickness was 500 µm (upper curves in group)
and 400 µm (lower curves), respectively 
. Calculation of the ratio of the radiation from the substrate to the radiation from the 400 mm thick coating in the MWIR as a function of time after heating
Using the model, the thermal radiation decay curves in figure 5 were calculated and compared with the experimental data in a log-log plot. The results show, that the slope of the radiation decay is generally steeper in the LWIR than in the MWIR. The effect of thickness variations is larger in LWIR than in MWIR and roughly in accordance with the experiment. Except for very short times, the main features of the experimental curves are reproduced. The deviation at short times is
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attributed to the uncertainty of the optical absorption coefficient in the visible. White light was used for excitation, whereas the model considers only an absorption coefficient independent of wavelength.
An analysis of the radiation signal contributions based on the terms in equation (3) shows, that in the MWIR the two radiation contributions from coating and from the substrate are of comparable size at short time and the substrate contribution becomes dominant at later times after excitation ( figure 6 ). In the LWIR, the coating contribution clearly dominates at all times.
Experiments with the laser excited lock-in technique were performed. Like in the pulsed experiments, the signal phase was evaluated over larger regions of interest on the coating steps. The results show phase shifts dependent on the modulation frequency and on the coating thickness as expected and in addition phase shifts depending on the spectral band. Figure 7 shows the signal phase difference ϕ(LWIR)-ϕ( MWIR) as a function of modulation frequency and coating thickness. At low modulation frequencies, the phase effect is comparably small and changes are monotonous with coating thickness. This is not the case for higher frequencies, where even a sudden change of the sign of the phase difference with coating thickness is observed. Although a theory for the thermal wave case is still missing, the results from the pulsed experiment and the corresponding model suggest that there may be an interference of coating volume and substrate contributions with comparable amplitude but different phase. 
Transient emission experiments on CFRP, wood and skin
For samples which are optically thick for IR radiation, the spectrally resolved thermographic technique can be used as an imaging variant of transient emission spectroscopy [7] . For a body with homogeneous temperature, the infrared radiation from the depth integrates up forming a body with an effective emissivity near to one, independent of the infrared emission coefficient. However, if a thin surface layer is heated by a short pulse, Planck´s law leads to overweighing of its contribution for a short time and a clear emission contrast becomes visible. This principle was proven on a sample of carbon fibre reinforced polymer, which was thermally excited by the flash lamp described above. In figure 8 , a CFRP sample of 5 cm x 5 cm size with a thickness of 5 mm is shown after flash excitation. The fusion images between MWIR and LWIR shown in this chapter were obtained as described in chapter 3.1. Applying the same technique to a block of wood, spectral contrasts are observed shortly after excitation between the rings of spring wood and summer wood, which have different infrared emission properties ( figure 9 ). An arrangement of blue and red rings is observed.
Fig. 9. Photo (left) and thermographic fusion image (right) of a block of wood (6 cm x 12 cm)
Finally, the technique was applied to a finger of a human hand in vivo. Depending on the structure of the skin, areas with dominance in the MWIR and with dominance in the LWIR are visible (figure 10). 
Conclusion
The use of a dual band camera allows time and pixel synchronous recording of transient thermal phenomena. This is a big step forward in the experimental technique compared to non-simultaneous measurement by changing filters. Spectral band dependent effects were clearly observed both for pulsed and modulated excitation. Pulsed thermography on ceramic thermal barrier coatings, which are of importance for high performance gas turbine applications, could be investigated in more detail based on a model calculation taking account infrared translucence. The agreement between experiment and model was quite good. The role of coating and substrate emission was clarified. Further work on the theoretical model has to consider the influence of optical scattering in the coating.
It has been shown that TBC coating aging during thermal cycling will change the infrared properties in the MWIR [11] . The additional infrared optical information offered by the dual-band technique may help to improve the reliability of thermographic thickness measurements, in particular in repetitive inspections.
First experiments on CFRP, wood and skin showed that the principle of transient emission spectroscopy can be extended to an imaging technique and add new information to thermography. There are probably many further applications to be identified. Infrared cameras with multi-color or multi-band capability will be a significant progress for certain nondestructive testing applications.
